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The only known function of human sebaceous glands
is the provocation of acne. We assessed here whether
sebum in£uences stratum corneum hydration or per-
meability barrier function in asebia J1 and 2 J mice,
with profound sebaceous gland hypoplasia. Asebia J1
mice showed normal permeability barrier homeostasis
and extracellular lamellar membrane structures, but
they displayed epidermal hyperplasia, in£ammation,
and decreased (450%) stratum corneum hydration,
associated with a reduction in sebaceous gland lipids
(wax diesters/monoesters, sterol esters). The triglyceride
content of both asebia and control stratum corneum
was low, consistent with high rates of triglyceride hy-
drolysis within the normal pilosebaceous apparatus,
despite high rates of triglyceride synthesis. Although a
mixture of synthetic, sebum-like lipids (sterol/wax
esters, triglycerides) did not restore normal stratum
corneum hydration to asebia skin, topical glycerol, the
putative product of triglyceride hydrolysis in sebaceous
glands, normalized stratum corneum hydration, and
the glycerol content of asebia stratum corneum was
85% lower than in normal stratum corneum. In con-
trast, another potent endogenous humectant (urea) did
not correct the abnormality.The importance of glycerol
generation from triglyceride in sebaceous glands for
stratum corneum hydration was demonstrated further
by (i) the absence of sebaceous-gland-associated lipase
activity in asebia mice, whereas abundant enzyme ac-
tivity was present in the glands of control mice; and
(ii) the inability of high concentrations of topical trigly-
ceride to correct the hydration abnormality, despite the
presence of abundant lipase activity in asebia stratum
corneum. These results show that sebaceous-gland-de-
rived glycerol is a major contributor to stratum cor-
neum hydration. Key words: asebia mice/barrier function/
glycerol/hydration/lipase/SCD1/sebum/triglycerides. J Invest
Dermatol 120:728 ^737, 2003
C
utaneous sebaceous glands deliver sebum to the skin
surface through a process of continuous, holocrine
secretion. Sebum comprises a complex lipid mix-
ture that is enriched in wax monoesters and diesters,
with substantial species-speci¢c di¡erences in trigly-
cerides (TGs), sterol esters, free fatty acids (FFAs), and squalene
(Thody and Shuster, 1989; Stewart and Downing, 1991). Although
a variety of functions have been proposed for cutaneous sebac-
eous-gland-derived lipids (Nicolaides, 1974; Thody and Shuster,
1989), the predominant view holds that the principal role of
sebum in humans is negative, i.e., its well-accepted pathophysio-
logic role in the provocation of acne (Kligman, 1963; Stewart
and Downing, 1991). Because sebaceous-gland-impoverished
skin, such as that in prepubertal children, exhibits normal basal
barrier function, it has been assumed that sebum does not
in£uence epidermal permeability barrier function (Kligman,
1963). But the barrier recovery kinetics of sebaceous-gland-poor
versus -enriched skin after acute insults has not been examined,
and this form of stress test is a more sensitive indicator of perme-
ability barrier status than are basal assessments (Feingold and
Elias, 1999). Moreover, products of Meibomian glands (modi¢ed
sebaceous glands) in£uence barrier function in conjunctival
epithelia (Bron and Ti¡any, 1998). Furthermore, after sebum is
deposited on the surface of the SC, it inspissates into the inter-
stices (Kligman and Shelley, 1958) and interacts with the extra-
cellular lamellar bilayer system (Sheu et al, 1999). There, its
constituent fatty acids, which lack essential fatty acids, could di-
lute or replace the linoleic acid in SC acylceramides, as proposed
for follicular epithelia (Stewart et al, 1986). As a net result of one
or more of these processes, sebum could in£uence permeability
barrier homeostasis.
To assess two potential functions of cutaneous sebaceous
glands, we compared permeability barrier homeostasis and SC
hydration in two closely related models where sebaceous glands
are largely absent, the asebia mouse. Asebia mice display not only
profound sebaceous gland hypoplasia, but also other cutaneous
abnormalities, including mild scaling, patchy scarring alopecia,
and epidermal hyperplasia (Gates and Karasek, 1965; Josefowicz
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and Hardy, 1978; Sundberg and King, 1996). Although recent
studies have shown that mutations in the gene that encodes stear-
yl CoA desaturase 1 (SCD1) are responsible for both the asebia J1
and asebia 2 J phenotypes (Zheng et al, 1999; Sundberg et al,
2000), the basis for sebaceous gland hypoplasia in these models is
not known.We report here that, despite the presence of epider-
mal hyperplasia, asebia J1 mice display normal permeability bar-
rier homeostasis but a profound abnormality in SC hydration.
The hydration abnormality in asebia skin could be attributed
further to decreased glycerol generation due to a lack of endogen-
ous, sebaceous-gland-derived TG and associated lipase activity.
The hydration abnormality in asebia mice could explain the in-
creased propensity of sebum-depleted skin sites of humans to de-
velop eczematous skin disorders, particularly when subjected to
xeric stress.
METHODS
Animals and experimental procedures Male asebia J1 mice (ABJ/Le-
ScdabJ/ScdabJ) (The Jackson Laboratory, Bar Harbor, ME) and their normal
heterozygote (þ /abJ) and wild-type (þ /þ or þ /?) littermates, between
6 and 10 wk of age, were utilized for most studies. Asebia 2 J (ab2J/ab2J, (The
Jackson Laboratory) mice were utilized in some experiments, where
indicated. All mice were maintained in the Animal Care Facility of the
Veterans A¡airs Medical Center, San Francisco, in a temperature- and
humidity-controlled room, and fed standard laboratory chow (Teklad 22/5
Rodent Diet) and acidi¢ed tap water ad libitum. All functional studies were
performed in the Animal Care Facility, and mice were anesthetized with
chloral hydrate and/or iso£orane. SC hydration was quantitated as changes
in electrical capacitance in arbitrary units (Corneometer CM 820, Courage
& Khazaka, Cologne, Germany) in asebia J1 and 2 J and wild-type mice,
over skin sites (mean of three measurements in each animal) that had
been shaved 24 h previously. Corneometry (capacitance measurements)
provides a reliable and reproducible measure of SC hydration (e.g., Fluhr
et al, 1999; Gloor et al, 2002). The slight £akiness of untreated asebia SC did
not alter the reproducibility of measurements taken from or adjacent to
previously shaved sites.
In some animals, immediately after capacitance measurements, basal
transepidermal water loss (TEWL) was measured with an electrolytic
water analyzer (MEECO, Warrington, PA). The barrier was then
abrogated over three separate sites in each animal by sequential cellophane
(Scotch-types, 3M, Minneapolis, MN) tape strippings until TEWL levels
exceeded 2 mg per cm2 per h. Permeability barrier recovery rates were
compared in asebia J1 (n¼17) versus wild-type (þ /?) (n¼10) mice 3 and
6 h after acute disruption.
To assess the potential role of sebum and its products in SC hydration,
we performed the following replenishment studies: (i) a synthetic
sebaceous lipid mixture, containing a TG (tripalmitate, 250 mg), a wax
monoester (stearyl stearate, 125 mg), and a cholesterol ester (cholesterol
palmitate, 25 mg), or (ii) tripalmitate alone (1%, 5%, and 10%) in
propylene glycol:ethanol (7:3 vol) versus vehicle alone was applied to 2.5
or 4 cm2 areas on contralateral £anks of asebia J1 or 2 J and wild-type
control mice (n¼ 5 or 6 animals each) twice daily for 3 d; (iii) 0.05%,
0.1%, 1.0%, 2.5%, or 10% aqueous glycerol or water alone was applied
twice daily to 4 cm2 areas on the £anks of asebia J1 or 2 J mice (n¼ 4
animals in each glycerol group) for 3 d. Finally, SC hydration was
compared after 10% glycerol versus 10% urea applications to contralateral
£anks of asebia 2 J animals (n¼ 4) each twice daily for 4 d, as above. In
all studies, SC hydration was measured daily by corneometry immediately
before the next topical application (E12 h after the last prior topical
application). At the end of all studies, tape strippings or biopsies were
obtained for light microscopy, lipid analysis, and/or lipase cytochemistry.
Morphologic studies Biopsies were obtained from asebia J1 versus
control mice under basal conditions from skin sites that had been shaved
24 h earlier. Skin pieces were minced into pieces of 0.5 mm3, and processed
for light and electron microscopy. Electron microscopy samples were
pre¢xed in half-strength Karnovsky’s ¢xative, post¢xed in either osmium
tetroxide (OsO4) or ruthenium tetroxide (RuO4), and embedded in an
epoxy resin (Hou et al, 1991). To assess potential sites where TG to glycerol
hydrolysis could occur, we performed ultrastructural cytochemistry for
acid lipase, as described previously (Rassner et al, 1997). Ultrathin sections
were viewed in a Zeiss 10 A electron microscope, operated at 60 kV,
after further contrasting with lead citrate and uranyl acetate. One-half
micron sections of epoxy-embedded samples were stained with 1%
aqueous toluidine blue for light microscopy and to visualize mast cell
metachromasia.
Lipid content analysis Full-thickness mouse skin was excised from
shaved asebia J1 and control animals, and incubated with 10 mM
ethylenediamine tetraacetic acid (EDTA), pH 7.4, at 371C for 30 min to
separate epidermis from dermis (Grubauer et al, 1989). Nucleated
epidermal cells were separated from SC by further incubation with 0.5%
trypsin in phosphate-bu¡ered saline for 2 h, followed by vortexing. SC
sheets were freeze-dried, weighed, and total lipids were extracted (Bligh
and Dyer, 1959), dried, weighed, and stored at ^701C until analyzed.
Neutral lipids were separated from polar lipids by high performance
thin layer chromatography, using a CAMAG linomat IV Autospotter
(CAMAG Scienti¢c, Washington, NC), extracted, and solubilized in
chloroform:methanol (2:1 vol). Nonpolar lipids were then fractionated and
quantitated (Law et al, 1995). Brie£y, 1010 cm glass-backed TLC plates,
coated with 0.25 mm thick silica gel G (Adsorbosil-plus-1; Alltech
Associates, Deer¢eld, IL), were washed with chloroform:methanol (2:1)
and activated in a 1101C oven; the adsorbent was scored into 6 mm wide
lanes. Calibrated glass capillary tubes were used to apply 5 ml samples
and chromatograms were developed in n-hexane:benzene (1:1 vol) to
95 cm. Finally, chromatograms were developed to 5 cm with hexane:ethyl
ether:acetic acid (70:30:1), charred, and quantitated by photodensitometry.
Lipid standards were obtained from Sigma (St. Louis, MO).
Glycerol content analysis Asebia J1 and 2 J mice as well as wild-type
littermates were carefully shaved 24 h before collecting total SC by pooling
sequential tape strips down to the glistening layer in all groups (D-Squame
disks, CuDerm Corporation, Dallas, TX). Because of di¡erences in SC
thickness and cohesion (¼ protein per stripping) between the two groups,
data re£ect total glycerol/total SC protein from equivalent surface areas.
The disks from each site were pooled (four to six disks each) and soaked
in 500 ml 1% Triton-X100 (Sigma) in water, sonicated 5 min, and then
stored overnight at 41C. Blank D-Squame disks were treated similarly as a
background control in all assays. Samples were vortexed thoroughly and 50
ml aliquots of each solution were taken to assay glycerol content, using a
previously described radiometric method (Newsholme, 1974). Glycerol
standard curves ranging from 0.0 to 8.8 nmol per ml were generated.
Each assay volume contained 0.05 mCi of glycerol [14C(U)], 160 mCi per
mmol (American Radiolabeled Chemicals, St. Louis, MO), 0.002 U of
glycerol kinase from Bacillis stearothermophilus (85 units per mg at 251C
with adenosine-50 -triphosphate and glycerol as substrate), and 0.3 mg
adenosine-50 -triphosphate (Roche Molecular Biochemicals, Indianapolis,
IN). A ¢nal concentration of 0.5% Triton X-100 was maintained in
standard curve as well as samples. Incubation times were 4 min at 271C,
and protein assays were performed on the remaining disks and soak
solutions, as described previously (Fluhr et al, 2001).
Statistical analyses were performed with Prism 3 software (GraphPad,
San Diego, CA), using paired and unpaired Student’s t tests.Where a non-
Gaussian distribution occurred, a nonparametricWilcoxon test was used.
RESULTS
Asebia skin displays normal permeability barrier function
but abnormal SC hydration As described previously (Gates
and Karasek, 1965; Josefowicz and Hardy, 1978), asebia J1 mice
displayed marked sebaceous gland hypoplasia, hyperkeratosis,
epidermal hyperplasia with a normal-appearing granular layer
by light microscopy, and increased numbers of mast cells in the
dermis (Fig 1A vs 1B). Basal TEWL levels were comparable in
mutant versus control animals (data not shown). Following acute
barrier abrogation by cellophane tape stripping, the kinetics of
barrier recovery were similar in asebia J1 versus control mice at 3
and 6 h (Fig 3A). Extracellular lamellar membrane structures, a
further parameter of permeability barrier status, also appeared
completely normal in RuO4 post¢xed asebia J1 SC (Fig 2).
Likewise, there were no di¡erences in the lamellar body
secretory system in asebia J1 versus control mice (not shown).
In contrast, asebia J1 mice displayed E50% reduction in
SC hydration assessed by electrical capacitance (po0.0001)
(Fig 3B). Together, these studies demonstrate normal epidermal
barrier function and lamellar membranes in asebia J mice,
despite the presence of sebaceous gland hypoplasia, evidence of
epidermal hyperplasia, and mast cell proliferation and profound
abnormalities in SC hydration.
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Nonpolar lipids are depleted, but not absent, in asebia SC
We next assessed the lipid biochemical basis for the abnormal
SC hydration in asebia J mice. Whereas the total lipid content
was not altered in asebia J versus control SC, the content of the
major nonpolar lipid species, namely, wax diesters, wax esters,
sterol esters, was decreased signi¢cantly (Fig 4A, B), consistent
with the absence of sebaceous glands (Nikkari, 1974). FFA levels
also appeared to be reduced in asebia SC, but the di¡erence did
not achieve statistical signi¢cance (FFA would continue to be
generated in asebia epidermis from catabolism of epidermal
phospholipids). Yet, substantial sterol/wax esters and some TGs
were present not only in control but also in the SC of asebia J1
mice (Fig 4B). Finally, there was also a slight but statistically
signi¢cant increase in free sterols (Fig 4B), as noted in previous
studies (Wilkinson and Karasek, 1966; Arndt, 1996; Sundberg et al,
2000). These studies demonstrate a signi¢cant depletion, but not
an elimination, of nonpolar lipids of presumed sebaceous gland
origin in the SC of asebia J1 mice.
Glycerol is the sebum constituent that speci¢cally increases
hydration of asebia sc The abnormality in hydration in
asebia J1 SC suggests that sebaceous-gland-derived products
could in£uence this process. Hence, we next applied a mixture
of synthetic, sebum-like lipids, i.e., a wax monoester (stearyl
stearate), a sterol ester (cholesterol palmitate), and a TG
(tripalmitate), to the skin of asebia J1 and age/sex-matched
wild-type control mice. Despite repeated applications, this
mixture did not correct the hydration abnormality in asebia
J1 mice (Table I).
The inability of topical sebaceous lipids to correct the
hydration abnormality suggested that glycerol, a well-known
humectant, generated as a result of the high rates of TG
synthesis and hydrolysis that occur within the pilosebaceous
follicle (Nicolaides and Wells, 1957; Thody and Shuster, 1989;
Stewart and Downing, 1991), could be the responsible hydrating
component. Indeed, endogenous glycerol levels were profoundly
reduced in the SC of asebia J1 mice (control, 0.823370.1991 nmol
glycerol per mg SC protein, versus asebia, 0.128470.053 nmol
Figure1. Asebia J1 skin displays hyperkeratosis, epidermal hyperplasia, sebaceous gland hypoplasia, and mast cell activation. Sebaceous
glands (seb) are seen adjacent to follicles (large arrows) in wild-type (W) controls (B), but not in asebia J1 (As) skin (A). Asebia epidermis displays not only
a thickened SC, but also acanthosis (increased numbers of nucleated cell layers; B, small arrows). Asebia J skin also displays increased numbers of mast cells,
with various degrees of degranulation (A, arrowheads). One-half micron, plastic-embedded sections, toluidine-blue stained. Bar: 200 mm.
Figure 2. Asebia J1 SC reveals normal extracellular membrane
structures. Comparable SC extracellular lamellar membranes and desmo-
somes are seen in the SC of asebia J1 (A) and control (N) mice (arrows).
RuO4-post¢xed. Bar: 0.25 mm.
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glycerol per mg SC protein; p¼ 0.0141). Based upon the
demonstrated de¢ciency of this humectant in asebia SC, we next
assessed whether glycerol applications alone could correct the
asebia hydration abnormality. Four days of twice daily 10%
glycerol applications completely reversed the hydration abnorm-
alities in asebia J1 SC, and signi¢cantly, but incompletely, reversed
the abnormality in asebia 2 J animals (Table II). Lower con-
centrations (i.e., from 0.1% to 5% glycerol) signi¢cantly
increased SC hydration in asebia 2 J animals, but only concen-
trations above 1% exceeded the impact of the aqueous vehicle
alone (Table II). In contrast, glycerol concentrations above 10%
did not increase SC hydration further (not shown). The water
vehicle alone slightly, but signi¢cantly, improved hydration in
both asebia J1 and 2 J mice (Table II). In contrast, topical
glycerol slightly but signi¢cantly reduced, rather than increased,
SC hydration in normal wild-type mice (byE10%; po0.01).
Finally, to ascertain whether the requirement for glycerol is
speci¢c or replaceable by another potent polar, endogenous, but
chemically unrelated humectant, we compared SC hydration
after applications of 10% glycerol versus 10% urea to contralateral
£anks on asebia 2 J mice. As seen in Fig 5, only glycerol
improved SC hydration in the asebia mice. These results show
that the abnormal hydration in asebia J skin is largely reversed
by topical glycerol, but not by sebaceous lipids or another
potent endogenous humectant, urea.
Absent sebaceous-gland-associated lipase accounts for the
asebia hydration abnormality We next determined whether
reduced generation of glycerol from TG within the pilo-
sebaceous follicle accounts for the hydration abnormality. To
evaluate potential sites of glycerol generation in the skin, we
assessed lipase activity in the SC and pilosebaceous follicles of
asebia J1 versus control mice by ultrastructural cytochemistry
(Menon et al, 1986; Rassner et al, 1997). Control mice revealed
abundant lipase activity (i) in sebaceous glands; (ii) in the outer
SC; (iii) around nascent hair shafts; and (iv) within the cytosol of
the follicular epithelium (Fig 6A^C). Asebia J1 skin revealed
similar, abundant levels of enzyme activity in follicles (Fig 7A,
B) and in the outer SC (Fig 7C, D), but with the absence of
sebaceous glands no lipase activity could be demonstrated in
such structures. As these results demonstrate comparable lipase
activity in both the follicles and SC of asebia versus control mice,
the defect in glycerol generation in asebia mice can be attributed
to an absence of sebaceous-gland-associated lipase activity.
As SC contains abundant lipase activity, glycerol could be
generated, in theory, by hydrolysis of either surface-deposited
(from sebaceous glands) or epidermal-derived TG. Hence, to
assess further whether the hydrating fraction of glycerol derives
speci¢cally from sebaceous-gland-derived TG, we next applied
increasing concentrations of tripalmitin versus vehicle to
asebia 2 J SC. SC hydration did not change after repeated
applications of TG, at concentrations up to 10% twice daily for
up to 5 d (data not shown). Together, these results demonstrate
(i) the requirement for sebaceous-gland-associated lipases in the
generation of the hydrating fraction of glycerol in normal skin;
and (ii) that glycerol generation occurs primarily within the
pilosebaceous follicle, rather than at the skin surface.
DISCUSSION
Numerous speculations have been advanced about the functions
of cutaneous sebaceous glands and their holocrine product,
sebum (Nikkari, 1974; Thody and Shuster, 1989). In nonhuman
vertebrates, there is evidence (i) that sebaceous glands deposit vi-
tamins D and E on the skin surface, and (b) that sebum possesses
antimicrobial, olfactory/pheromone, thermoregulatory, and other
functions. Moreover, the functional importance of modi¢ed se-
baceous glands, such as the Meibomian glands, is also generally
acknowledged (Ti¡any, 1985; Bron and Ti¡any, 1998; Mathers
and Lane, 1998). Yet, sebum is commonly believed to subserve
no positive functions in the epidermis of humans (Kligman,
1963; Thody and Shuster, 1989;Webster, 1999). Although the link
between the genetic mutation and sebaceous gland hypoplasia is
not known (see below), asebia mice o¡er unique models to ad-
dress unresolved issues about the potential functions of sebaceous
glands and their products. For example, the association of scar-
ring alopecia with sebaceous gland hypoplasia in asebia J1 and 2
J mice led to the recent hypothesis that sebaceous gland products
are critical for the dissociation of the hair shaft from the follicular
epithelium (Stenn et al, 1999; Sundberg et al, 2000).
Using asebia mice we examined here two other potential func-
tions of sebum, i.e., in epidermal permeability barrier homeosta-
sis and in SC hydration. Sebum is not thought to be important
for the permeability barrier, because both prepubertal children
(Thody and Shuster, 1989) and the extrafacial skin of the aged
(Ghadially et al, 1995) exhibit normal barrier function under basal
conditions. Moreover, repeated extraction of skin surface lipids
with a nonpolar solvent depletes both the SC and subjacent se-
baceous glands of all stainable, nonpolar lipids, but produces only
a minor barrier abnormality (Grubauer et al, 1989). Furthermore,
when sebaceous glands are involuted pharmacologically, with su-
praphysiologic doses of isotretinoin (Gomez, 1981; Geiger, 1995),
Figure 3. Barrier recovery is normal, but asebia J1 mice display
abnormal SC hydration. Panel A: Permeability barrier was disrupted by
sequential tape stripping in asebia J1 (n¼ 6) versus wild-type (n¼ 4) mice
(three to four sites were assessed on each animal, yielding a total n of
10^12). TEWL rates were raised toX4 mg per cm2 per h, and then percent
barrier recovery was compared 3 and 6 h after acute disruption. The di¡er-
ences were not statistically signi¢cant at either time point. Panel B: Hydra-
tion of SC was measured by electrical capacitance with a corneometer,
and expressed in arbitrary units 7SEM. The di¡erences between asebia J1
(n¼12) and control (n¼ 8) mice are highly signi¢cant (po0.0001).
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both barrier function and SC lamellar membranes remain unal-
tered (Elias et al, 1981). Yet, true functional status is best assessed
using a dynamic measure, e.g., the kinetics of barrier recovery
after a standardized, acute insult (Feingold, 1999). Using such
measures, important functional abnormalities have been un-
earthed and quantitated in aged, photoaged, ichthyotic, testoster-
one-replete, and psychologically stressed skin (Ghadially et al,
1995; Reed et al, 1995; Zettersten et al, 1998; Denda et al, 2000;
Kao et al, 2001).We showed here, however, that permeability bar-
rier homeostasis is normal, i.e., neither accelerated nor delayed, in
the presence of sebaceous gland hypoplasia in asebia J1 mice. The
persistence of normal barrier function in asebia J1 mice can be
explained by the unaltered levels of the three key barrier lipids,
ceramides, free sterols, and FFAs, as well as the persistence of nor-
mal SC extracellular membranes in asebia J1 SC, as shown here.
Figure 4. Asebia J1 SC displays a signi¢cant reduction in nonpolar lipid fractions. Panel A: Full-thickness mouse skin was excised from shaved
asebia J1 (n¼ 4) and wild-type (n¼ 6) mice. The skin samples were incubated with EDTA, followed by trypsin, as described in Methods. Isolated nonpolar
lipids were then fractionated, charred, and quantitated as described in Methods. Equal amounts of lipids were applied to each lane. Panel B: Isolation, fractio-
nation, and quantitation of SC lipids were the same as described for Fig 5. Each species is presented as mean (mg per mg SC)7SEM.Whereas controls
(n¼ 6) are represented by open bars, the results for asebia J mice (n¼ 4) are indicated by the shaded bars. The di¡erences for wax diesters, wax monoesters, and
sterol esters are highly signi¢cant.
Table I. E¡ects of a sebaceous lipid-like mixture on SC
hydration (arbitrary units7SEM)
Animal Pretreatment 1 d 3 d
Control (n¼ 6) 49.872.3 52.674.7 57.874.5
Asebia J1 (n¼ 6) 29.872.8 24.571.6 26.571.6
To assess the potential role of sebaceous gland lipids in SC hydration, a lipid
mixture (40 ml) containing TG (250 mg), stearyl stearate (125 mg), and cholesterol
palmitate (25 mg) in a 40 ml propylene glycol:ethanol (7:3 vol) vehicle versus vehicle
alone was applied twice daily to 4 cm2 areas on opposite £anks of asebia J and
control mice (n¼ 6 each) for 3 d. During these studies, SC hydration was mea-
sured daily by corneometry immediately before and 12 h after the last prior appli-
cation. There were no signi¢cant changes in hydration with lipid applications to
either asebia or control mice. The di¡erences between asebia and control mice re-
mained signi¢cant at all time points (po0.001).
732 FLUHR ETAL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Together, these results show that sebum plays neither an essential
nor a destabilizing role in permeability barrier homeostasis.
Interestingly, the closely related asebia 2 J (ab2J/ab2J) mutant
mouse displays a permeability barrier abnormality (Zheng et al,
1999; Sundberg et al, 2000). Both the asebia J1 and asebia 2 J phe-
notypes result from mutations in the gene that encodes the en-
zyme Scd1 (Zheng et al, 1999; Sundberg et al, 2000), the only
isoform that is expressed in sebaceous glands.Why the Scd1 ab-
normality provokes a barrier abnormality in asebia 2 J mice,
whereas a related mutation in asebia J animals does not, is unclear.
Two possibilities should be considered. First, Scd1 catalyzes the
formation of unsaturated 18 and 16 carbon fatty acids, such as
oleic acid (C18:1) and palmitoleic acid (C16:1) from stearic acid
(C18:0) and palmitic acid (C16:0), respectively. Oleic and palmito-
leic acids, as well as other unsaturated FFAs, are endogenous acti-
vators of the peroxisomal proliferator activator (PPAR) family of
nuclear hormone receptors. PPARa regulates lipid metabolism in
extracutaneous tissues, but it is also a potent regulator of epider-
mal homeostasis. Speci¢cally, PPARa regulates cutaneous epider-
mal proliferation, di¡erentiation, and permeability barrier
homeostasis (Hanley et al, 1997; 1999), whereas another PPAR
(i.e. PPARa), regulates sebaceous gland di¡erentiation (Deplewski
and Rosen¢eld, 2000). Indeed, fatty acid metabolites also activate
PPARa and PPARd, and some endogenous fatty acids are pro-
miscuous activators of more than one PPAR. Hence, it is possible
that a more profound depletion of functional Scd1, with reduced
generation of one or more endogenous PPAR activators, could
account for the abnormality in barrier function in asebia
2 J mice. Second, SCD1 is necessary for the normal formation of
TGs and secretion of VLDL from the liver (Attie et al, 2002). In
the absence of SCD1 (transgenic knockout), not only are seba-
ceous glands involuted (Miyazaki et al, 2001), but a substantial
portion of the FFA pool, destined for TG production, is instead
oxidized (Ntambi et al, 2002). Thus, more profound FFA deple-
tion could occur in the asebia 2 J animals, accounting for their
relatively severe phenotype.
In contrast to barrier function, our results demonstrate that se-
bum plays an important and speci¢c role in SC hydration. In fact,
the hydration of the SC of both asebia J1 and asebia 2 J mice was
markedly reduced (byE50% and 70%, respectively) in compar-
ison to both heterozygote and wild-type mice. The residual hy-
dration of the SC in both asebia strains could be due to either
the known ability of more polar SC lipids (e.g., ceramides) to
in£uence SC hydration (Imokawa and Hattori, 1985), and/or the
persistence of ¢laggrin breakdown products with potent humec-
tant properties (Scott and Harding, 1986). Nevertheless, these re-
sults show that an intact intercellular membrane bilayer system,
although su⁄cient for permeability barrier homeostasis, does
not always su⁄ce for normal SC hydration.
Further experiments attempted to shed light on the relation-
ship between the sebaceous gland hypoplasia and abnormal SC
hydration.We showed that asebia J1 SC displays a dramatic reduc-
tion in the classic sebaceous lipids (wax mono/diesters and sterol
esters), as described previously (Wilkinson and Karasek, 1966;
Sundberg et al, 2000). Yet, asebia SC still displays low but signi¢-
cant levels of classic sebaceous lipids, i.e., wax diesters, wax
monoesters, cholesterol esters, and TGs, even with profound se-
baceous gland hypoplasia. Our observation suggests that epider-
mis retains the capacity to form these lipids, con¢rming a recent
report of wax ester production by cultured keratinocytes.1
Although lipid staining of frozen sections has shown that sebum
forms a ¢lm of neutral lipids on the surface of normal SC (‘‘skin
surface lipid’’) (Kligman and Shelley, 1958; Grubauer et al, 1989;
Sheu et al, 1999), normal hydration is not restored when asebia J
SC is replenished with a mixture of sebum-like lipids alone.
Although ideally this mixture would also have included wax die-
sters, these are not commercially available. Hence, our results do
Table II. E¡ects of glycerol on SC hydration in asebia J1 and 2 J versus control mice (arbitrary units7SEM)
Groups Pretreatment Post-treatment Signi¢cance versus baseline
Experiment 1 (asebia J1 mice)
Controlþvehicle (water) (n¼ 8) 46.070.7 56.871.9 po0.0001
Controlþ10% glycerol ^ 50.971.5 po0.01
Asebiaþvehicle (water) 24.171.4 31.472.3 po0.01
Asebiaþ10% glycerol (n¼ 8) ^ 52.071.3 po0.0001
Experiment 2 (asebia 2 J mice)
Controlþvehicle (water) (n¼16) 48.771.1 46.472.2 NS
Controlþ1% glycerol ^ 45.671.5 NS
Controlþ 5% glycerol ^ 47.171.6 NS
Controlþ10% glycerol ^ 48.471.8 NS
Asebiaþvehicle (water) (n¼16) 15.271.1 19.371.3 po0.05
Asebiaþ1% glycerol ^ 21.372.5 po0.05
Asebiaþ 5% glycerol ^ 25.871.9 po0.001
Asebiaþ10% glycerol ^ 31.171.6 po0.0001
10% aqueous glycerol or water alone was applied twice daily to 4 cm2 areas on the £anks of mice for 4 d, followed by measurement of SC hydration (see Methods)
(n¼16 sites each on four mice or as shown). Experiments 1 and 2 were performed in asebia J1 and 2 J mice respectively versus wild-type littermates.
Figure 5. The hydration abnormality in asebia SC is not corrected
by another humectant. Contralateral £anks of asebia 2 J mice were trea-
ted with 10% glycerol or 10% urea versus water alone, as described in Meth-
ods (n¼ 5^6 sites each). Results are expressed as mean7SEM. npo0.05;
nnpo0.001.
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not exclude a role for other lipid species, also present in sebum
(e.g., wax diesters), as contributors to SC hydration.
Because the sebum-like lipid mixture did not increase hydra-
tion, we hypothesized that its ine¡ectiveness might instead re£ect
a requirement for glycerol, a well-known humectant and a poten-
tial catabolic product of sebaceous-gland-derived TG (Nicolaides
andWells, 1957; Freinkel and Shen, 1969; Marples et al, 1971). The
loss of epidermal TG during terminal di¡erentiation implies that
most TGs are utilized as an energy source within the epidermis
(Nicolaides, 1974); therefore TGs do not persist into the SC, and
therefore they are not normally available as a source of glycerol
for SC hydration. Although very little TG of epidermal origin is
available to serve as an endogenous substrate, it is possible that
there are sources of glycerol in SC other than those derived from
sebaceous glands. Indeed, phospholipid catabolism, which gener-
ates a family of nonessential FFAs required for the barrier (Mao-
Qiang et al, 1995; 1996), could simultaneously generate glycerol
that would be available in the SC interstices. In addition, a poten-
tial role for either blood- or epidermal-derived glycerol in SC hy-
dration (after prior phospholipid synthesis/degradation) is further
suggested by recent work on aquaporin 3 (AQP3) knockout ani-
mals (Ma et al, 2002; Hara et al, 2002). These animals display an
absence of AQP3 in the basal layer of the epidermis in association
with abnormal SC hydration and decreased SC glycerol levels. It
should be noted, however, that whereas these studies suggest that
glycerol of blood or epidermal origin could contribute to SC hy-
dration, AQP3 expression in sebaceous glands was not assessed.
Therefore, the absence of sebaceous gland AQP3 could, at least
in theory, contribute to the hydration abnormality in AQP3-
knockout animals. Our studies nevertheless demonstrate the im-
portance of the sebaceous gland as the source of a critical hydrat-
ing fraction of surface-deposited glycerol, which after absorption
into the SC interstices, regulates SC hydration.
The known high rates of TG turnover in sebaceous glands
(Nicolaides and Wells, 1957; Thody and Shuster, 1989; Stewart
and Downing, 1991), and low levels of TG in normal SC (Schurer
and Elias, 1991), are consistent with the hypothesis that most se-
baceous-gland-derived TGs are hydrolyzed to glycerol prior to
delivery to the skin surface. Indeed, we showed that the glycerol
content of asebia SC is markedly reduced, and that topical glycer-
ol, but not TG-containing sebaceous lipids, restores normal hy-
dration to asebia J1 SC. Similar treatment largely, but
incompletely, reversed the hydration abnormality in 2 J mice.
Whether prolongation of glycerol treatment would have further
Figure 6. Abundant lipase activity is present in sebaceous glands and the outer SC of wild-type skin. (A) Normal sebaceous glands display
abundant lipase activity (arrows) both around and in association with lipid droplets (LD). (B) Normal skin incubated for lipase with the added speci¢c
inhibitor tetrahydrolipstatin (thls). (C) A band of intense lipase activity (arrows) is present in the outer SC (OSC) of wild-type animals. Low levels of
activity also are present in the underlying lower SC (LSC) and stratum granulosum (SG). Bars: 0.75 mm.
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normalized hydration in 2 J mice was not assessed. Alternatively,
some applied glycerol could be absorbed across 2 J SC and di-
verted to other pathways, because of its associated barrier
abnormality (see above). It is also noteworthy that high concen-
trations of topical TG did not improve the hydration of asebia J
SC, despite the presence of abundant lipase activity of presumed
epidermal origin in the SC. Instead, we provide here evidence
for the origin and importance of glycerol, derived from
the lipolysis of sebaceous-gland-derived TG, for normal SC
hydration. Although lipase activity could be demonstrated cyto-
chemically in asebia SC and hair follicles, abundant sebaceous-
gland-associated lipase activity was present only in control, but
not in asebia, skin (due to the absence of sebaceous glands). The
importance of sebaceous glands as the source of glycerol can be
explained as follows. (i) Lipolysis reportedly proceeds more e⁄-
ciently within the pilosebaceous apparatus (Nicolaides andWells,
1957; Kligman, 1963; Freinkel and Shen, 1969) than within the SC,
thereby also accounting for the inability of topical TG to correct
the hydration abnormality in asebia J mice. (ii) The available pool
of epidermal TG is utilized in the nucleated layers below the SC,
as indicated by the low levels of TG in normal SC (these studies
and Schurer and Elias, 1991). Moreover, topical TG, even at high
concentrations, did not restore hydration, suggesting that TG per-
sistence into the SC could not hydrate SC normally. Together,
these results are consistent with the hypothesis that the absence
of TG hydrolysis to glycerol by endogenous sebaceous gland
lipases accounts for the SC hydration abnormality in asebia J1
mice.
Our studies also demonstrate a speci¢c requirement for glycer-
ol in SC hydration, because topical urea, another potent endo-
genous humectant, did not restore SC hydration to asebia SC.
These results should not be interpreted as indicating the ine¡ec-
tiveness of urea as a moisturizer. Rather, they demonstrate that
urea cannot substitute for the hydrating capacity of sebum-de-
rived glycerol.Why glycerol exhibits such unique e⁄cacy in re-
storing SC hydration, however, remains unknown. Glycerol is
Figure 7. Asebia SC and follicles reveal normal lipase activity. Lipase activity is present around corneocytes in nascent hair shafts (A, arrows), and at
the interface of the follicular epithelium with the nascent hair shaft in asebia J1 skin (B, arrows). Lipase activity also is present focally in the mid to outer
layers of asebia SC (D, closed arrows), and at the SG^SC interface (D, open arrows). (C) Asebia tissue sample, incubated for lipase with added speci¢c enzyme
inhibitor tetrahydrolipstatin (thls). H, hair shaft. Bars: 0.75 mm.
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not only a potent humectant, but topical glycerol also accelerates
barrier recovery after acute external perturbations (Fluhr et al,
1999). Moreover, at least in theory, if glycerol is absorbed into
the nucleated layers, it could serve as either a building block for
the assembly of complex glycerolipids, and/or a potential sub-
strate for ATP production.Whether topical glycerol exhibits any
of these additional properties, or whether still other characteris-
tics account for its ability to modulate SC hydration, remains
unknown.
The reduced SC hydration in asebia J mice is associated not
only with abnormal hydration, but also with excess scale produc-
tion, epidermal hyperplasia, and microscopic evidence of in£am-
mation (mast cell hyperplasia) (see also Gates and Karasek, 1965;
Brown and Hardy, 1988). Although it has been proposed that the
in£ammation in asebia mice drives the epidermal hyperplasia,
leading to excess scale (Brown and Hardy, 1988), recent studies
favor an alternative pathogenic sequence; i.e., sustained exposure
of normal skin to a dry external environment, although improv-
ing permeability barrier homeostasis (Denda et al, 1998b), never-
theless leads to decreased SC hydration, as well as epidermal
hyperplasia, in£ammation, and excess scale (Denda et al, 1998a).
Moreover, restoration of normal SC hydration by a variety of
maneuvers, including topical glycerol, normalizes epidermal pro-
liferation and reduces mast cell hypertrophy (a marker of in£am-
mation) in the face of ongoing xeric stress (Denda et al, 1998a).
Thus, it is likely that decreased SC hydration contributes to the
scaling phenotype in asebia J mice. It is important to note that
barrier function, and even barrier recovery, remain normal in
the face of epidermal hyperplasia, con¢rming prior studies that
epidermal hyperplasia per se does not necessarily provoke a barrier
abnormality (Denda et al, 1996; 1998a; 1998b). Yet, the signal se-
quence that is responsible for the low hydration-induced epider-
mal hyperplasia has not been identi¢ed.
In the light of these observations, decreased SC hydration, even
in the face of normal barrier function, could have important clin-
ical consequences. Indeed, decreased hydration might be expected
in any situation where sebaceous glands are absent or involuted.
For example, prepubertal children (42 y and o9 y) commonly
display eczematous patches (pityriasis alba) on the face and trunk
that disappear coincidentally with the onset of sebaceous gland
activation. Moreover, the distal extremities of aged skin clinically
often displays moderate to severe xerosis. Furthermore, the xero-
sis in patients receiving systemic isotretinoin, with attendant se-
baceous gland involution (Landthaler et al, 1980; Geiger, 1995), is
most-accentuated on the face, back, and chest, all sebaceous-
gland-enriched sites (Peck et al, 1979). Further, atopic dermatitis,
nummular eczema, as well as a variety of other eczematous pro-
cesses, show a predilection for the extremities (Arndt, 1996;
Freedberg, 1997), which are sebaceous-gland-depleted.These clin-
ical observations create a compelling therapeutic rationale for op-
timizing SC hydration as a part of the therapy and prevention of
eczematous skin conditions. Finally, asebia mutant mice could
provide a useful model to test the e⁄cacy of agents that are in-
tended speci¢cally as SC hydrating/moisturizing agents, and to
further dissect the role of sebaceous glands in normal skin biology.
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